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0 • 7r  Torsional  split -Hopkinson  bar  experiments,  involving  dumps  in  strain 

rate  from  to  4.03  s~i  have  been  carried  out  cn  foui'  mcirais  (11D0-0 

aluminum,  OTHC  copper,  zinc,  AZ30B  magnesium)  at  tempei'atures  ranging 
from  -200C  to  250C.  In  addition,  the  effect  of  arrealinF  temperature  on 
the  strain  rate  sensitivity  of  the  flow  stress  has  been  examined  for 
OFHC  copper  and  a tellurium-doped  copper  alloy,  Amtel.  Effects  of  strain 
rate  and  strain  rate  history  observed  In  these  experiments  have  >«en 
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Inelastic  Deformation  of  Metals  Under  Dynamic  Loading' 


Under  this  grant  the  inelastic  behavior  of  metals  subjected  to  dynamic 
loading  conditions  was  investigated  using  two  approaches:  (a)  experiments  in- 

volving short  specimens  in  which  the  state  of  stress  is  essentially  homogeneous 
and  (b)  wave  propagation  studies.  The  results  obtained  from  these  two  approaches 
are  summarized  in  the  following  sections. 


(a)  SHORT  SPECIMENS 


The  purpose  of  these  experiments  is  to  contribute  to  an  understanding  of 
the  influence  of  strain  rate,  temperature  and  their  respective  histories  on  the 
flow  stress  of  metals. 


Description  of  Experiments 


The  experiments  involving  short  specimens  utilized  a snlit-Hopkinson  bar 
modified  for  torsional  loading.  Under  previous  grants  an  explosive  loading  tech- 
nique was  developed  which  provides  a constant  amplitude  torsional  loading  pulse 
that  can  strain  a specimen  at  a nominal  shear  strain  rate  of  1000  s~i,  with  a 
final  shear  strain  of  3-6%.  The  rise  time  of  the  loading  pulse  is  about  7 micro- 
seconds. In  order  to  investigate  the  influence  of  strain  rate  and  strain  rate 
history  more  precisely  our  experimental  technique  was  modified  to  provide  a 
means  for  loading  the  specimen  first  "statically",  i.e.  at  a strain  rate  of  about 
lO-4  s~i  to  some  predetermined  shear  strain  (e.g.  25  percent),  and  then  super- 
posing the  torsional  loading  pulse.  The  latter  is  initiated  explosively.  It 
causes  a jump  in  strain  rate  of  approximately  107  s-1  and  strains  the  specimen 
dynamically  by  an  additional  6 to  12  percent.  Since  no  unloading  occur  between 
the  "static"  and  dynamic  portions  of  the  experiment,  this  test  provides  a measure 
of  the  "true"  strain  rate  sensitivity,  as  deduced  from  the  increment  in  flow 
stress  resulting  from  the  strain  rate  increment.  Comparison  with  the  flow  curve 
resulting  from  an  experiment  on  a similar  specimen  strained  entirely  ar  the 
dynamic  strain  rate  gives  a measure  of  the  effect  of  strain  rate  history  or.  flow 
stress.  Tests  with  this  apparatus  and  covering  a temperature  range  were  per- 
formed and  the  results,  summarized  briefly  below,  were  presented  in  two  reports 
[5,9]. 


A second  split  Hopkinson  bar  apparatus  has  been  constructed  in  order  to 
improve  our  capability  for  evaluating  strain  rate  history  effects.  This  new 
version,  which  employs  a stored  torque — applied  hydraulically, is  able  to  pro- 
vide shear  strains  of  50  percent  at  nominal  strain  rates  in  the  range  of  103  to 
104  s_1.  The  larger  strains  make  possible  a more  accurate  determination  of 
strain  rate  history  effects  than  was  possible  using  our  earlier  procedure.  On 
the  other  hand,  the  rise  time  of  the  loading  pulse  is  significantly  loneer-- 
about  40  microseconds.  This  apparatus  is  now  fully  functional  for  constant 
strain  rates  and  is  being  modified  to  allow  incremental  strain  rate  experiments 


Summary  of  Research 


Initial  work  on  short  specimens  under  this  research  project  included  a 
study  of  the  effect  of  annealing  temperature  on  the  strain  rate  sensitivity  of 


two  copper  alloys  - OFHC  copper  and  a tellurium-doped  copper  alloy,  Amtel,  which 
is  in  common  use  because  of  its  free -machining  properties.  The  study  was  moti- 
vated by  published  data  which  claimed  that  there  is  a strong  reverse  strain  rate 
effect  in  copper  heat  treated  just  enough  for  stress  relief.  This  finding,  if 
correct,  would  have  been  significant  since  it  would  have  meant  that  metals  would 
weaken,  and  weaken  appreciably  under  dynamic  loading  conditions,  whereas  engineers 
believe  metals  strengthen  to  some  degree  under  such  conditions.  Furthermore,  it 
seemed  quite  conceivable  that  a result  of  this  sort  might  have  remained  unobserved 
by  investigators  since  nearly  all  testing  in  laboratories  has  involved  annealed 
specimens  whereas  manufactured  equipment  seldom  utilizes  annealed  metals.  The 
explanation  offered  for  this  reverse  strain  rate  effect  postulated  the  existence 
of  fine  adiabatic  shear  bands  within  the  copper  specimens,  although  they  remained 
unobserved  in  the  tests  in  question.  Such  bands  would  of  course  provide  an  un- 
stable effect  since  the  greater  strain  within  a band  would  result  in  greater  heat 
production  which  in  turn  would  decrease  flow  stress.  Our  results  from  tests  of 
the  two  copper  alloys,  using  specimens  of  nearly  the  same  shape,  size  and  material 
as  the  previous  investigators , indicate  that  the  flow  stress  increases  with  strain 
rate  regardless  of  the  degree  of  annelaing  or  the  lack  thereof  [4],  These  results 
hold  for  specimens  annealed  to  cover  a wide  temperature  range  including  tempera- 
tures below,  above  and  within  the  hardness  transition  temperature  zone.  We  found 
that  the  degree  of  strain  rate  sensitivity  varies  with  annealing  temperature,  but 
the  change  in  flow  stress  with  increasing  strain  rate  is  always  positive.  Actually, 
the  dynamic  flow  stress  of  these  two  copper  alloys  is  more  strongly  influenced  by 
strain  rate  in  unannealed  specimens  than  in  those  that  have  been  annealed. 

Dr.  J.  Klepaczko  during  his  18-month  visit  at  Brown  (while  on  leave  from  the 
Polish  Academy  of  Sciences)  made  use  of  data  obtained  from  incremental  strain  rate 
experiments  on  1100-0  aluminum,  lead  and  comercially  pure  copper  to  develop  a rela- 
tionship between  a simple  thermally  activated  flow  mechanism  and  strain  rate  effects 
[2].  This  theory  relates  the  observed  macroscopic  stress-strain  behavior  to  changes 
in  the  microstructure  in  fee  metals.  It  shows  that  strain  rate  history  effects  play 
an  important  role  in  the  plastic  deformation  of  polycrystalline  fee  metals.  Fur- 
thermore it  shows  that  strain  rate  effects  can  be  attributed  to  differences  in  the 
effective  dislocation  multiplication  rates  at  different  strain  rates. 

Following  on  Dr.  Klepaczko' s work,  we  performed  incremental  strain  rate  ex- 
periments covering  a substantial  range  in  temperature.  Their  purpose,  in  line 
with  his  work,  was  to  relate  the  macroscopic  behavior  of  metals  to  the  underlying 
dislocation  behavior.  This  work  [5],  which  was  the  subject  of  a Ph.D.  thesis  by 
P.  E.  Senseny,  involved  experiments  on  four  metals  with  close-packed  structures: 
1100-0  aluminum,  OFHC  copper  (fee  structure)  zinc  and  AZ30B  magnesium  (hep  struc- 
ture). Each  metals  was  tested  at  selected  temperatures  ranging  from  -200C  to 
250C  and  covering  "static"  prestrains  of  6 to  18  percent.  The  results  of  the 
incremental  strain  rate  experiments  combined  with  results  from  constant  strain 
rate  experiments  at  the  same  dynamic  rate  provided  measures  of  strain  rate  effects 
as  well  as  strain  rate  history  effects  over  the  given  temperature  range  [9]. 

For  all  metals  tested  it  was  found  that  the  stress  increment  resulting  from 
an  increment  in  strain  rate  varies  with  initial  static  strain  and  testing  tem- 
perature. The  influence  of  strain  rate  history  is  generally  as  great  as  that  of 
strain  rate  itself.  The  possibility  of  a thermally  activated  dislocation  annihila- 
tion process  which  softens  the  microstruc.ture  of  the  fee  metals  during  low  strain 
rate  deformation  was  investigated;  it  was  concluded  that  if  such  a process  exists, 
it  is  not  stress  independent.  It  was  concluded  also  that  one  microstructural  param- 
eter is  not  sufficient  to  determine  exactly  the  flow  stress  in  the  two  fee  metals. 
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although  it  may  allow  approximations  of  the  material  behavior  which  suffice  for 
certain  engineering  applications.  The  results  for  the  hep  metals,  magnesium  and 
zinc  could  not  be  correlated  with  the  thermally  activated  process  postulated  by 
Klepaczko,  perhaps  because  of  the  influence  of  mechanical  twinning  on  the  deforma- 
tion. In  the  case  of  zinc,  physical  evidence  of  twinning  was  observed;  further- 
more , for  this  metal  there  is  strong  evidence  that  at  high  strain  rates  the  same 
mechanism  is  not  dominant  at  both  the  low  and  high  temperatures. 

(b)  WAVE  PROPAGATION  STUDIES 

Initial  effort  on  wave  propagation  studies  was  directed  towards  the  develop- 
ment of  a late-time  asymptotic  theory  of  plastic  wave  propagation  in  visco-plastic 
materials.  Specific  attention  was  given  to  one-dimensional  waves  in  bars  for 
which  the  dependence  of  plastic  strain-rate  on  flow  stress  is  given  by  a hyper- 
bolic sine  function, suggested  by  consideration  of  thermally  activated  processes 
of  dislocation  motion.  Such  a constitutive  relation  models  the  visco-plastic 
characteristics  of  metals  quite  well;  however,  the  relationships  is  so  strongly 
non-linear  that  usual  analytical  techniques  for  obtaining  asymptotic  solutions 
are  inadequate.  Attempts  to  develop  new  analytical  techniques  for  dealing  with 
the  difficulties  posed  by  the  strong  non-linearity  were  essentially  unsuccessful. 

An  asymptotic  solution  [3]  was  obtained  only  for  the  case  of  extremely  late  times 
in  which  the  overstresses  become  small  enough  that  the  hyperbolic  sine  function 
is  approximately  linear. 

In  order  to  obtain  a better  understanding  of  asymptotic  methods  for  late- 
time solutions  in  wave  propagation  problems,  attention  was  directed  to  the  case 
of  waves  in  linear  elastic  and  visco-elastic  bilaminates.  In  these  cases  the 
governing  equations  are  linear  so  that  reasonably  complete  results  could  be  ob- 
tained. Both  wavefront  and  late-time  solutions  were  obtained  [6]  for  step  load- 
ing which  causes  wave  propagation  in  the  direction  perpendicular  to  the  laminates. 

Following  the  investigation  of  asymptotic  solutions  our  attention  turned  to 
an  examination  of  the  effects  of  hardening  laws  on  the  predicted  features  of  plas- 
tic waves  of  combined  stress.  Experiments  reported  previously  had  indicated  that 
both  isotropic  hardening  and  kinematic  hardening  models  (as  well  as  combinations 
thereof)  were  inadequate  for  predicting  some  of  the  features  of  the  observed  strain 
time  profiles  for  combined  longitudinal  and  torsional  plastic  wave  propagation  in 
thin  walled  tubes.  In  particular  these  models  predict,  for  step  loading,  an  in- 
termediate constant  state  region  which  is  not  observed  in  the  experiments.  The 
intermediate  constant  state  arises  because  the  stress  trajectory  changes  from 
essentially  tangent  to  the  current  yield  surface  in  front  of  the  intermediate 
constant  state  to  essentially  perpendicular  to  the  current  yield  surface  behind 
the  intermediate  constant  state  region.  For  hardening  laws  based  on  smooth  yield 
surfaces  and  normality  of  the  plastic  strain  rata  to  the  current  yield  surface, 
such  a change  in  loading  direction  results  in  a marked  decrease  in  the  effective 
stiffness  of  the  material  and  consequently  a marked  decrease  in  wave  speed.  This 
abrupt  change  in  wave  speed  is  responsible  for  the  existence  of  an  intermediate 
constant  state  region. 

In  order  to  understand  whether  or  not  prediction  of  an  intermediate  constant 
state  region  is  indicative  of  the  inadequacy  of  constitutive  equations  employing 
smooth  yield  surfaces,  a new  analysis  of  combined  longitudinal  and  torsional  plas- 
tic was  carried  out  for  a constitutive  model  based  on  a self-consistent  treatment 
of  plastic  flow  due  to  slip  on  slip  systems  of  a large  number  of  randomly  oriented 


single  crystals.  The  first  step  in  this  analysis  was  the  development  of  an  effi- 
cient algorithm  for  computing  macroscopic  stress-strain  behavior  associated  with 
slip  on  the  various  slip  systems.  The  algorithm  developed  [7]  is  based  on  formula- 
tion of  the  problem  as  a linear  programming  problem.  The  algorithm  proved  to  be 
exceptionally  efficient  arid  to  allow  for  the  computation  of  stress-strain  behavior 
along  complicated  loading  paths  involving  combined  stress  states. 

The  algorithm  was  used  to  obtain  solutions  [8]  for  an  aluminum  alloy  tube 
subjected  to  static  torque  followed  by  longitudinal  impact.  Solutions  were  ob- 
tained for  three  hardening  models:  (i)  isotropic  hardening  in  which  slip  on  one 

slip  system  increases  the  yield  stress  on  all  slip  systems  equally,  (ii)  indepen- 
dent hardening  in  which  slip  on  one  slip  system  increases  the  yield  stress  on  that 
system  only,  and  (iii)  latent  hardening  in  which  slip  on  one  slip  system  increases 
the  yield  stress  on  nonco-planar  systems  more  than  on  co-planar  systems.  Compari- 
son of  theory  and  experiment  indicate  that  all  hardening  models  eliminate  the  un- 
desirable intermediate  constant  state  region  and  that  the  best  agreement  is  ob- 
tained with  the  latent  hardening  model.  Discrepancy  between  theory  and  experiment 
still  exists  at  high  impact  velocities  where  the  predicted  wave  speed  of  large 
strains  is  too  high.  This  discrepancy  may  be  due  in  part  to  determination  of  the 
model  parameters  from  the  static  stress-strain  curve  for  the  material  instead  of 
a dynamic  stress-strain  curve  obtained  at  a strain-rate  comparable  to  those  exist- 
ing in  the  wave  propagation  experiments.  Overall,  the  improved  agreement  between 
theory  and  experiment  is  encouraging  and  suggests  that  further  examination  of 
self-consistent  slip  models  may  lead  to  substantial  improvements  in  the  charac- 
terization of  stress-strain  behavior  under  combined  stress  states. 
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